We study the controlled manipulation of the Jahn-Teller metal state of fulleride compounds using nonequilibrium dynamical mean field theory. This anomalous metallic state is a spontaneous orbital-selective Mott phase, which is characterized by one metallic and two insulating orbitals. Using protocols based on transiently reduced hopping amplitudes or periodic electric fields, we demonstrate the possibility to switch orbitals between Mott insulating and metallic on a sub-picosecond timescale, and to rotate the order parameter between three equivalent states that can be distinguished by their anisotropic conductance. The Jahn-Teller metal phase of alkali-doped fullerides thus provides a promising platform for ultrafast persistent memory devices.
tivated by the quest for a fast and energy-efficient memory technology [5] . Over the last decades the performance of memory devices has lagged behind the rapid gains in processing power. Desirable features of a high-performance memory include electrically or optically controlled fast write and erase operations, fast read-out, low energy consumption and a nonvolatile nature of the stored information. Ideally, the free energy landscape is characterized by at least two minima corresponding to physically distinct realizations of the order, and the switching between these minima can be accomplished without a transient melting of the order, through the application of a suitable force which rotates the order parameter. If this rotation furthermore involves no displacement of charge, and does not couple to static lattice distortions, it may be potentially accomplished on a very fast, electronic timescale, and at little energy cost.
While existing memory technologies are based on "conventional" order parameters such as magnetization or charge order, we will explore in this work a fundamentally different, and rather exotic type of ordered state, which involves a symmetry breaking on the two-particle level ("composite order"). We will show that this type of order, which has recently been detected in Rb x Cs 3−x C 60 [6] , and theoretically explained in Ref. 7 , encompasses a range of desirable properties which make it interesting for memory applications.
Alkali-doped fulleride compounds have been investigated extensively because of their unconventional form of high-temperature superconductivity. These systems can be described by a half-filled three orbital Hubbard model with degenerate bands derived from the t 1u molecular orbitals. The characteristic and unusual feature of this class of materials is an effectively negative Hund coupling, resulting from the overscreening of the small bare Hund coupling by Jahn-Teller phonons [8, 9] . Such three-orbital systems with negative Hund coupling exhibit, in an experimentally relevant range of interactions or pressure, a spontaneous orbital selective Mott transition [7] . This is a transition into a long-range ordered phase with a composite order parameter, namely an orbital-dependent double occupation. While different types of such orders exist, the most stable one features one metallic and two insulating orbitals. There are thus three different realizations of this most stable order, which can be distinguished by their conductance anisotropy, and which may be used to store information.
Since the spontaneous orbital-selective Mott (SOSM) phase has no ordinary orbital moment, i.e. all three orbitals remain half-filled, this electronic order should not induce static lattice distortions and it may thus be possible to switch it efficiently between the different phys-ical realizations of the order parameter. Alkali-doped fullerides in the SOSM phase hence provide a potential platform for ultra-fast and energy efficient persistent memory devices.
II. MODEL AND METHOD
The essential physics of alkali doped fullerides is captured by the half-filled three orbital Hubbard model with negative Hund coupling [9] . We consider the Hamiltonian
with d i,α,σ the annihilation operator for an electron with spin σ in orbital α at site i, µ the chemical potential, and
The orbitals are labeled according to their symmetry α = x, y, z. Assuming for simplicity nearest-neighbor hopping on a cubic lattice, the symmetry of the orbitals implies that hopping occurs only between orbitals of the same type, with v ji,α ≡ v if the nearest-neighbor bond (ji) is directed along α, and v ji,α = 0 otherwise. Note that this orbital-dependent hopping implies an anisotropic conductance of the SOSM phase. The interaction term H int,i is of the Slater-Kanamori form,
and we choose J/U = −1/4. This value of |J/U| is substantially larger than in realistic compounds [11] , where it is around 0.02-0.03, but the physics does not depend qualitatively on the value of J and the above choice is advantageous from a numerical point of view [7] .
Furthermore, it was shown that while the pair-hopping term stabilizes the SOSM phase, the composite order also appears in the Ising approximation (γ = 0), so we will first discuss the results for this simpler model.
To describe the laser excitation which is later used to switch between different SOSM phases we include an electric field in the model, by multiplying the hopping v ji,α with a time-dependent Peierls factor e iφ ji (t) , where the phase φ ji (t) = e A(t)( r j − r i ) is the projection of the vector potential A(t) onto the bond vector ( r j − r i ), and the vector potential A(t) is related to the electric field by E(t) = −d A(t)/dt. Due to the orbital-dependent anisotropy of the hoppings, one can therefore selectively modify the hoppings for the three orbitals by a suitable choice of the time-dependent polarization of the field, which determines the components A α along the α-direction.
To solve the time-dependent lattice problem, we use the nonequilibrium dynamical meanfield theory [16] , which maps the lattice system to an auxiliary three-orbital impurity problem with the same interactions as Eq. (2), subject to a self-consistency condition for the hybridization function. For the orbital-dependent hoppings introduced above, we obtain the hybridization function at an arbitrary lattice site j from the cavity method [19] ,
Here G
[j]
l,α (t, t ′ ) is the cavity Green's function, i.e., the Green's function on site l for a system with site j removed from the lattice. With two nearest neighbors for each orbital we have
where φ α (t) = eaA α (t), with the lattice spacing a. For simplicity we have also replaced
, which approximates the orbital-dependent local density of states by a semi-ellipse of bandwidth W = 4 √ 2v corresponding to an infinitely connected Bethe lattice.
We expect that the shape of the density of states does not qualitatively affect the results presented below. We choose W = 0.4 eV in the following, to set this energy scale to a value approximately equal to the bandwidth of A 3 C 60 [15] .
The nonequilibrium impurity model is treated with a strong-coupling perturbative impurity solver [17] . The latter approach is suitable for the strongly correlated regime that we are interested in, and it can be straightforwardly applied to multiorbital problems by introducing pseudo-particles for each atomic eigenstate [18] . To enable an efficient simulation, we have automatized the detection of degeneracies in the large set of self-energy and Green function diagrams, which allows us to reach the relevant timescales both at the first order (non-crossing approximation, NCA) and second order (one-crossing approximation, OCA) level. Specifically, for the half-filled model with γ = 0, the symmetry analysis reduces the number of NCA self-energy diagrams from 384 to 156, and the number of NCA Green function diagrams from 192 to 96. To mimic energy dissipation to the lattice and to explore the heating effect on the order parameter dynamics we locally couple a bosonic heat bath to the electrons [20] . This is done by adding a self-energy of the form
to the hybridization function of each orbital, where D 0 is the equilibrium propagator of a boson with energy ω 0 at inverse temperature β and g is the electron-boson coupling strength [16] .
III. RESULTS
A. Properties of the SOSM state
We start by briefly discussing the essential properties of the SOSM states characterized by a coexistence of insulating and metallic orbitals [21] . In the model with density-density interactions (γ = 0), the order is characterized by the quantities T 8 and T 3 defined as [7] T
Here, D α = n α,↑ n α,↓ is the double occupation in orbital α. limited only by some electronic timescale, and which do not induce any symmetry-breaking at the one-body level. A promising pathway is the direct coupling of the electric field of the laser to the electrons. Static [12, 13] or periodic [14] electric fields are known to reduce the effective hopping in systems with well separated low-energy bands, as is the case in A 3 C 60 [15] . For example, for an oscillating field E(t) = E 0 cos(Ωt) and in the limit of high- frequencies, the Peierls factor can be replaced by its time-average, given by J 0 (eaE 0 /Ω),
where J 0 (x) is the Bessel function and a the lattice spacing. To gain some insights into the switching dynamics, we will therefore first study simplified protocols, in which the amplitude of the hopping is modified in an orbital and time-dependent way, with the constraint that the orbital-dependent hoppings can only be reduced from their bare values, i.e., the term v(t)e iφα(t) in Eq. (4) is replaced by a time-dependent real function v α (t) ≤ v α (0). In section III D we will then confirm that a switching can also be achieved by explicitly simulating the electric field, using similar protocols. While especially the second part of the switching protocol leads to a reduction in the magnitude of the order parameter, the latter recovers to the thermal value as energy is dissipated to the bath, without adverse effect on the stability of the switched state. The cooling dynamics is evident in the evolution of the double occupation after time t ≈ 160 fs and in the radial outward drift of the order parameter in the right panel.
To illustrate how the nature of the orbitals changes during the switching, we show in Fig. 3 the time evolution of the orbital-resolved local spectral functions. The latter have
, with t max = 280 fs [22] .
The shortest switching time which can be realized depends on several factors, such as the minimal value of the hopping in the switching protocol, the maximum reduction in the order parameter that one is willing to tolerate, and the parameters of the heat bath. For an efficient cooling, the boson frequency ω 0 has to be relatively small, and the boson coupling g has to be sufficiently large. We choose ω 0 = 0.1 and g = 1 because these values allow to stabilize SOSM states with qualitatively correct features in the spectral functions, and an order parameter switching on numerically accessible timescales [23] .
C. Effect of pair hopping
In this section we consider the model with rotationally invariant interaction (γ = 1 in Eq. (2)), but otherwise identical parameters. In this case, the system reacts more strongly to a reduction of the hopping, and the switching between different T 8 > 0 states is faster than in the model with density-density interaction (Fig. 4) . Also, after a rapid switching, we observe small amplitude and phase oscillations of the order parameter around the new
To excite the amplitude mode directly, we start in the T z state and quench the hopping for all orbitals to 80% of the initial value at t = 0. parameters is shown in the middle panel. While the initial oscillation period of both modes is similar, it grows for subsequent oscillations in the case of the T 8 mode, which indicates that the free energy minimum in the T 8 direction becomes shallower due to heating, while it does not change substantially in the T 3 direction. The third panel shows the evolution of the order parameter in the T 8 -T 3 plane, which also illustrates that the period of the two modes drifts apart at later times.
D. Electric fields
In this final section, we show that switching is also possible by simulating the electric field of the laser. In the following, we will set v α (t) = v to a constant and include a field through the Peierls phase in Eq. (4). We considered two switching protocols: (i) switching through
Wannier-Stark localization induced by static fields with E > W , and (ii) switching through a bandwidth renormalization induced by periodic fields with frequency Ω > W . In case (i)
we found that while it is possible to rotate the order parameter under the influence of quasistatic fields, it seems very difficult to switch off a quasi-static field in such a way that the order does not melt. In case (ii) we were able to rotate the order parameter without melting, although the heating effect is larger than in the case of a hopping quench. We consider in this section the model with density-density interactions, and the same parameters (U = 1 eV, J = −0.25 eV, T = 33 K) as in the previous simulations. In the quasi-static field switching illustrated in the left panel of Fig. 6 , we apply fields of equal strength E While this protocol succeeds in rotating the order parameter in a time of less than 190 fs, both a rapid or smooth switch-off of the strong static field results in a melting of the order. The transient switching may however provide a seed for the symmetry breaking which occurs after cooling. It might also be possible to avoid the melting by applying a periodic modulation during the switch-off procedure, but in this case it is more natural to design a scheme which is based entirely on periodic fields.
In the periodic driving protocol (middle panel of Fig. 6 ), we follow the same strategy as in the case of the hopping quench, and apply the field for ∆t = 87 fs in band 2 and for ∆t = 115 fs in band 3. The field amplitude is E p = 10 and the frequency Ω = 3.33 eV, which corresponds to an effective bandwidth renormalization by a factor J 0 (eaE p /Ω) = 0.67 [14] . A lower frequency or stronger effective band renormalization leads to stronger heating effects (note that the correlated density of states has a bandwidth of about 2 eV (Fig. 1) ).
IV. SUMMARY
We studied the nonequilibrium dynamics of composite orbital order in a three band model with negative Hund coupling that captures the essential properties of fulleride compounds.
The composite ordered state corresponds to the Jahn-Teller metal phase [6] , which exhibits a coexistence of two (paired) Mott insulating and one metallic orbital [7] . In a cubic system with orbitals of p x,y,z type symmetry there exist three equivalent ordered states with metallic conduction in the x, y, z direction, respectively, which may be used to store information.
While the read-out of this information can be easily accomplished, a prerequisite for building a memory device based on these states is a reliable and fast switching mechanism between the three equivalent states.
Using the nonequilibrium dynamical mean-field theory in combination with a strongcoupling (NCA) impurity solver we showed that the effective hopping reduction induced by strong quasi-static or periodic electric fields can induce the desired controlled rotation of the order parameter. While the switching speed depends on the energy dissipation rate and on the presence or absence of pair-hopping terms, we found that the write operation can in principle be accomplished in a time of O(100 fs), which is very fast compared to the O(100 ps) write speed of the currently fastest proposed technologies for non-volatile memories [5] . Furthermore, both the write and erase operations can be performed at the same speed, without relying on a thermal melting of the order. The field strengths and modulation speeds considered in this study are achievable with current day technology, and the t 1u bands in fulleride compounds are separated from other bands by a gap of about 1 eV [15] . It therefore appears that the electric-field controlled switching of composite order in this class of materials on a sub-picosecond timescale is a realistic proposition, provided that suitable bulk crystals can be synthesized. Since the ordered states have no ordinary orbital moment, they should not induce static lattice distortions, so that the switching time is not limited by lattice dynamics.
Our investigation pushes the limits of nonequilibrium DMFT simulations beyond the previously studied single band models and simple order parameters and demonstrates how this theoretical tool can contribute to the exploration of complex nonequilibrium phenomena in correlated multi-band systems. While this work provides a proof of principle, a materialspecific, realistic calculation would have to involve the hopping amplitudes for an fcc lattice, as well as a simulation of field-induced excitations into or out of higher lying bands. The latter effect is difficult to treat explicitly within nonequilibrium DMFT since the memory requirement grows rapidly with increasing number of bands, but it could be taken into account approximately by attaching a fermionic bath with a suitable density of states. We leave such a material-specific, quantitative simulation as an interesting topic for a future study.
